INTRODUCTION
============

Genomic DNA constantly undergoes a wide variety of damage that can lead to cellular death or carcinogenesis. DNA repair pathways minimize the impact of these modifications by restoring the original DNA sequence ([@gkt1149-B1]). However, damaged DNA that escapes the repair machinery can stall replication carried out by high-fidelity polymerases ([@gkt1149-B4]). The blocked replisome is unstable and can cause DNA double-strand breaks ([@gkt1149-B7]), compromising chromosome stability and increasing the risk of cancer. A specialized variety of DNA polymerases is recruited for the purpose of replicating across from and past damaged bases (translesion DNA synthesis) ([@gkt1149-B7],[@gkt1149-B8]). Y-family polymerases perform the majority of translesion DNA syntheses and are generally specialized for a specific lesion type ([@gkt1149-B9]). These polymerases are characterized by low processivity and fidelity, and therefore can cause increased mutagenesis at or near the adduct site ([@gkt1149-B10],[@gkt1149-B12]).

High-fidelity and Y-family polymerases show similar overall structures, presenting a characteristic shape that resembles a right hand ([@gkt1149-B13],[@gkt1149-B14]). In addition to the 'fingers', 'thumb' and 'palm' domains, Y-family polymerases possess an additional domain termed the 'little finger'. The little finger domain is the least conserved of the four domains in the Y-family polymerases, and its variability may determine the different biochemical behavior presented by the various bypass polymerases ([@gkt1149-B15]). Another major structural difference between high-fidelity and Y-family polymerases is in the active site. To accommodate bulky DNA lesions or distorted DNA structures, they have a wider active site that makes fewer contacts with its substrate ([@gkt1149-B12]). However, the catalytic core remains highly conserved among the Y-family polymerases and presents a tricarboxylate moiety akin to polymerases from other families.

Given the structural analogy between polymerases from different families, it is not surprising that the general mechanism for DNA elongation shows similar features among all DNA polymerases. A minimum kinetic pathway has been proposed based on structural and kinetic studies for high-fidelity polymerases ([@gkt1149-B16]), in which a key step takes place on correct dNTP binding. For high-fidelity polymerases, this binding causes the fingers region in the ternary complex (Pol•DNA•dNTP) to undergo a transition that repositions the DNA in the active site, leading to a catalytically active closed complex ([@gkt1149-B17]). Using a conformationally sensitive fluorophore bound to the fingers domain of T7 DNA polymerase, a structural state was identified when an incorrect nucleotide was bound that resulted in a faster dissociation of the nucleotide from the active site ([@gkt1149-B18]). We have recently presented evidence suggesting that nucleotide selection by the model high-fidelity polymerase *Escherichia coli* DNA polymerase I \[Klenow fragment (KF)\] occurs predominantly in the open conformation ([@gkt1149-B19]).

However, most bypass polymerases do not undergo a major conformational rearrangement on correct dNTP binding ([@gkt1149-B20],[@gkt1149-B21]). Consistent with this, structural studies have shown that the fingers in the binary complex approximate a closed ready-for-catalysis conformation ([@gkt1149-B22]). Interestingly, the terminal base pair of the primer template in this structure was found to occupy the dNTP binding site (preinsertion complex) ([@gkt1149-B23]), so that the DNA must translocate 1 base pair (insertion complex) before the incoming dNTP can bind in the active site to initiate catalysis. Kinetic studies on Dpo4 using fluorophore reporters have identified various conformational changes that take place during the elongation cycle. By monitoring fluorescence from a unique tryptophan in the protein, it has been found that a prechemistry rearrangement takes place only when an incoming dNTP forms a correct base pair with the template ([@gkt1149-B24]). In agreement with this idea, ensemble-averaged FRET experiments have identified two prechemistry conformational changes that occur on correct dNTP binding: a DNA translocation event followed by a subtle and synchronized repositioning of all the polymerase domains ([@gkt1149-B25]).

Here, we studied Dpo4 dynamics using single-molecule Förster resonance energy transfer (smFRET). By monitoring smFRET in real time for DNA constructs with primers of different lengths, we found that the Dpo4--DNA binary complex samples two different states, consistent with conformations in which the nucleotide binding site is either occupied by the terminal base pair (preinsertion complex) or empty following Dpo4 translocation by 1 base pair (insertion complex). We have quantified the partition between these two states at different dNTPs concentrations, and provided evidence supporting a 1-base pair translocation that forms the catalytically active structure. Furthermore, incorrect dNTPs were found to destabilize this complex unless the n+1 template base was complementary to the dNTP present, in which case a structure consistent with a slipped misaligned template conformation was observed. Such a structure provides further direct structural support for the transient misalignment mutational mechanism ([@gkt1149-B26],[@gkt1149-B27]).

MATERIALS AND METHODS
=====================

Dpo4 purification and labeling
------------------------------

Dpo4 was purified by a modification of the method described by Woodgate ([@gkt1149-B28]). An overnight culture (1 L) of *E. coli* RW382 transformed with a plasmid containing the Dpo4 gene (obtained from Roger Woodgate, NICHD) was grown in LB media containing 100 μg/ml carbenicillin. The cells were harvested by centrifugation at 4000 × *g*, and the pellets were suspended in buffer A \[20 mM Tris-HCl, pH 7.5, 25 mM NaCl, 1 mM dithiothreitol (DTT), 0.1 mM ethylenediaminetetraacetic acid\] and lysed by sonication followed by heating at 75°C for 15 min. Precipitated materials were removed by centrifugation at 18 000 × *g*, and DNA was removed from supernatant by dropwise addition of 30% (w/v) streptomycin sulfate with constant stirring at 4°C (1% final concentration) and was stirred for an additional hour at 4°C. The precipitate was removed by centrifugation at 18 000 × *g*, the supernatant filtered through a 0.2-μm filter, loaded onto a 1-ml SP column (GE healthcare) and then eluted with a linear gradient of 0--1 M NaCl in buffer A. Fractions containing Dpo4 were dialyzed into 20 mM KHPO~4~, pH 7.0, 25 mM NaCl, 1 mM DTT, loaded onto a 3-ml hydroxyapatite column (Biorad) and eluted with a linear gradient of 100--1000 KHPO~4~, pH 7.0, containing 25 mM NaCl and 1 mM DTT. Fractions containing Dpo4 were concentrated using Amicon Ultra 30 K centrifugal filter units and stored at −20°C in 40 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.2 mM ethylenediaminetetraacetic acid, 1 mM DTT and 50% (v/v) glycerol. Dpo4 purity was \>95% based on sodium dodecyl sulphate-polyacrylamide gel electrophoresis analysis.

Wild-type Dpo4, which contains only one native cysteine, was labeled as described ([@gkt1149-B19]). Briefly, Dpo4 was incubated in 50 mM Tris-HCl buffer, pH 7.0, 120 μM Tris(2 carboxyethyl)phosphine, with a 5--10-fold molar excess of Cy5 maleimide (GE healthcare) for 45 min at room temperature. The reaction was stopped with 10 mM DTT, and the enzyme was separated from free dye on a polyacrylamide Bio-Gel P6 spin column. Labeling yield was ∼90% based on ultraviolet and mass spectral analysis. Enzyme activity was measured by primer extension ([Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1149/-/DC1)) analysis on a 20% polyacrylamide gel ([Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1149/-/DC1)).

DNA oligonucleotide purification and labeling
---------------------------------------------

Custom DNA oligonucleotides were synthesized by Eurofins MWG Operon and purified by high-performance liquid chromatography using an analytical C18 column. Purified oligonucleotides were desalted, and their purity was assessed by MALDI-TOF MS. Exact sequences are shown in [Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1149/-/DC1). Amino-modified C6-dT 28-mer templates and primers for DNA synthesis gel analysis were labeled with Cy3 NHS ester (GE healthcare) as described ([@gkt1149-B2]).

Single-molecule measurements
----------------------------

Microscope quartz slides were prepared as previously described ([@gkt1149-B29]), except minor changes were introduced during surface passivation. *Amino silanization step*: Slides and cover slides were incubated 15 min, sonicated 3 min and incubated another 15 min in 100 ml of methanol, 5 ml of acetic acid and 1.5 ml of N-(2-aminoethyl)-3-aminopropyltrimethoxysilane. Slides and cover slides were rinsed twice with distilled water and dried with air. *Surface PEGylation*: ∼40 mg of mPEG-succinimidylvalerate MW 5000 and ∼10 mg of and biotin-PEG-succinimidylvalerate MW 3400 (Laysan Bio) were dissolved in 360 µl of PEGylation buffer (filter-sterilized 100 mM sodium bicarbonate, pH 8.4). Seventy microliters of this PEGylation reaction mixture was added onto each slide, sandwiched with a cover slip and incubated in a dark humid chamber for ∼4 h. Subsequent steps were not modified and are described elsewhere ([@gkt1149-B29]). DNA was surface-immobilized via biotin--streptavidin--biotin linkage. Briefly, the slide was incubated 10 min with 0.02 mg/ml streptavidin, washed and incubated another 10 min with 20 pM biotinylated primer-template duplex. After a final washing step, Dpo4 was introduced in the solution. Measurements were carried out in 50 mM Tris-HCl, pH 7.5, 3.5 mM CaCl~2~/MgCl~2~ and 50 mg/ml bovine serum albumin in the presence of an oxygen scavenging system/antiblinking cocktail (protocatechuate dioxygenase from *Pseudomonas* sp., 5 mM 3,4-dihydroxybenzoic acid and 1 mM Trolox). Fluorescence intensity was monitored using a home-built prism-based total internal reflection microscope ([@gkt1149-B30]). Measurements were performed at 80 ms time resolution at 21°C.

Calcium ions were used in almost all experiments to prevent DNA synthesis in the presence of dNTPs ([Supplementary Figure S6](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1149/-/DC1)) because the absence of a 3′-OH group at the primer terminus inhibits a dNTP-induced conformational rearrangement known to precede catalysis in Dbh ([@gkt1149-B31]), a close Dpo4 homolog, and because the substrate orientation is different for deoxy and dideoxy-terminated primers ([@gkt1149-B32]). Calcium ions do not affect Dpo4 binding to DNA ([@gkt1149-B33],[@gkt1149-B34]). Previous studies with KF and other polymerases have used dideoxy-terminated primers ([@gkt1149-B19],[@gkt1149-B35]). Others have shown that many enzymes, including Dpo4 ([@gkt1149-B33]), that require magnesium for binding and catalysis are able to specifically bind to DNA in the presence of calcium ([@gkt1149-B34]).

Data analysis
-------------

Apparent FRET efficiencies were calculated as FRET = I~A~/(I~D~+I~A~), where I~D~ and I~A~ are the donor and acceptor intensities, respectively. Only fluorescence trajectories with one single photobleaching event were used to ensure single-molecule imaging, which also enabled accurate background subtraction. Time trajectories were smoothed with a 3--5-point moving average. FRET trajectories for 8Cy3 were further analyzed using a hidden Markov model (HMM) ([@gkt1149-B39]). smFRET histograms were created from several tens of single-molecule time trajectories. Dwell-time and smFRET histograms were fit to mono-exponential decays and Gaussian functions, respectively, using Igor.

RESULTS
=======

Dpo4 binds a DNA primer template in two conformations
-----------------------------------------------------

To monitor the conformation and dynamics of Dpo4 bound to a DNA primer template, we surface-immobilized Cy3-labeled DNA (8Cy3, [Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1149/-/DC1)) onto passivated quartz slides and introduced Cy5-labeled Dpo4 in solution ([Figure 1](#gkt1149-F1){ref-type="fig"}A). The labels did not noticeably affect polymerase activity ([Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1149/-/DC1)). The donor (Cy3) and acceptor (Cy5) fluorescence intensities from individual complexes reveal characteristic anticorrelated fluctuations, indicative of Dpo4 binding, and one-step photobleaching ([Figure 1](#gkt1149-F1){ref-type="fig"}B). The apparent FRET efficiency fluctuates between 0.0 FRET (DNA only) and a high FRET value (Dpo4--DNA binary complex). A dwell time analysis in the 0 and high FRET values ([Figure 1](#gkt1149-F1){ref-type="fig"}C) yields the pseudo-first order binding and dissociation rate constants, k′~on~ = 0.03 s^−1^ and k~off~ = 0.2 s^−1^, and a binding affinity K~D~ = 30 ± 10 nM, similar to previously published values ([@gkt1149-B40]). Figure 1.Observation of time-resolved Dpo4 binding to DNA. (**A**) A Cy3-labeled (blue) DNA primer-template surface immobilized onto a microscope slide is incubated with a solution containing Cy5-labeled (red) Dpo4. On binding, the polymerase acceptor fluoresces and the donor is quenched. (**B**) Shown at the top is the primer-template DNA sequence used for the single-molecule experiment shown below. The 8Cy3 notation indicates that there are eight nucleotides between the primer terminus and the T (blue) bearing the Cy3 fluorophore. Below, characteristic time trajectory of a single Dpo4-DNA complex. On binding, the donor fluorescence (blue) decreases with an anticorrelated increase in acceptor fluorescence (red). The apparent FRET (black line, bottom) for the same trajectory is shown. A single photobleaching event is observed at ∼62 s. An HMM fit of the FRET trace is shown in red. (**C**) On and off dwell time histograms (left and right, respectively) for 5 nM Dpo4 binding to 8Cy3. Both distributions were fit with mono-exponential decay functions. Off dwell times were measured as the time Dpo4 is bound to the DNA (t~on~), whereas the on dwell times correspond to the time between binding events (t~off~). (**D**) Transition density plot for Dpo4 binding to 8Cy3. The transition density plot displays all the FRET transitions calculated by the HMM fit. The initial FRET value is shown at the x-axis, and the final FRET value (after the transition) is shown at the y-axis.

Unlike our prior experiments with KF, the Dpo4 binary complex appears to sample two possible conformations (FRET = 0.78 and 0.65, [Figure 1](#gkt1149-F1){ref-type="fig"}B). We used an HMM to analyze the transitions between these two states ([Figure 1](#gkt1149-F1){ref-type="fig"}B and D). A transition density plot ([Figure 1](#gkt1149-F1){ref-type="fig"}D) clearly shows that the polymerase binds and dissociates primarily from the lower FRET state (0.65) but shuttles between the two states. A dwell time analysis in these two states yields the shuttling rate constants for transitions from the low to high FRET states k~h~ = 2.7 ± 0.1 s^−1^, while the reverse transition rate k~l~ = 1.1 ± 0.1 s^−1^ ([Supplementary Figure S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1149/-/DC1)), indicating that, in the absence of nucleotides, the 0.78 FRET state is the most stable of the two binary complexes.

Binary complex dynamics reveal Dpo4 translocation on the template
-----------------------------------------------------------------

We then varied the primer length from 7 to 12 bp between the Cy3 label and the primer-template junction (termed 7Cy3 through 12Cy3, [Figure 2](#gkt1149-F2){ref-type="fig"}A, [Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1149/-/DC1)). All the single-molecule FRET trajectories reveal the binding and dissociation of individual Dpo4 to the DNA as stochastic jumps in FRET ([Figure 2](#gkt1149-F2){ref-type="fig"}B). FRET histograms were calculated by time binning 40--80 time trajectories for each construct ([Figure 2](#gkt1149-F2){ref-type="fig"}C). As previously observed ([@gkt1149-B19]), an increase in primer length typically results in lower FRET efficiency, indicating that the polymerase binds further away from the template label ([Figure 2](#gkt1149-F2){ref-type="fig"}D). Only 8Cy3 and 12Cy3 exhibit a small FRET increase, likely due to the helical pitch of the DNA ([@gkt1149-B41]). Figure 2.Dpo4 binding different DNA constructs. (**A**) The sequence of DNA duplex is shown. The same template was used in all DNA constructs, whereas the lengths of the DNA primers varied. The position of the conjugated Cy3 dye is shown in blue and underlined. (**B**) Characteristic FRET trace for Dpo4 binding to each duplex. The 8Cy3 and 9Cy3 traces shown were fit by an HMM (red line). (**C**) SmFRET histograms for Dpo4 binding to each duplex with the Gaussian fits shown in red. 8Cy3 and 9Cy3 FRET distributions were fit with one Gaussian (shown in blue) and with two Gaussian functions (shown in red). (**D**) SmFRET efficiencies from (C) plotted as a function of the number of nucleotides between the Cy3 and the primer-template terminus. (**E**) Full width at half maximum (FWHM) plotted as a function of the number of nucleotides between the Cy3 and the primer-template terminus. The FWHM for 8Cy3 was calculated by fitting the 8Cy3 binary complex data to a single Gaussian function. Errors in FRET are estimated to be ±0.02, and the errors for the FWHM are the errors of the fit. (**F**) FWHM plotted versus the absolute value of the FRET difference between (n+1) Cy3 and (n) Cy3.

The binary complex FRET distributions for 8Cy3 and 9Cy3 DNA appear substantially wider than the other distributions ([Figure 2](#gkt1149-F2){ref-type="fig"}E and C). This width increase is consistent with the two FRET states observed in the trajectories ([Figure 1](#gkt1149-F1){ref-type="fig"}B). Two distinct FRET states could also be observed for 9Cy3 binary complex but not for the others ([Figure 2](#gkt1149-F2){ref-type="fig"}B), presumably because the difference between the two FRET states is too small to distinguish them (see later). The 8Cy3 and 9Cy3 FRET distributions could be clearly fit to two Gaussian functions corresponding to the two conformations. This asymmetry in the FRET distribution for 8Cy3 was more obvious in 3.5 mM MgCl~2~ ([Supplementary Figure S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1149/-/DC1)) or with a longer template having a different sequence ([Supplementary Figure S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1149/-/DC1)).

As noted earlier, the other DNA constructs did not show two clearly differentiated FRET states for the binary complex. One possible explanation is that the two states are present but their FRET values are too close to be distinguished above the experimental noise. The increase in distribution width correlates well with the FRET difference between adjacent primers ([Figure 2](#gkt1149-F2){ref-type="fig"}F); when the FRET difference for sequential primer templates (FRET~n+1~ -- FRET~n~) is large, the distribution tends to be wider, whereas a small FRET difference results in a narrower distribution. This correlation suggests that the two FRET states represent the translocation of the polymerase by one nucleotide down the DNA template to the n+1 position, thus opening the nucleotide binding site. This hypothesis is further supported by the crystal structures of the binary and ternary complex, which reveal preinsertion binary and insertion ternary conformations ([@gkt1149-B23]). This translocation model predicts that the low FRET state represents the insertion conformation, as this structure should position the polymerase one nucleotide further from the Cy3 donor, and that binding of the correct nucleotide should stabilize this low FRET state.

Dpo4 ternary complex presents only one conformation
---------------------------------------------------

To test this hypothesis, we measured the conformational changes associated with binding of the correct nucleotide by carrying out smFRET experiments in the presence of the complementary dNTP for 7Cy3 through 12Cy3. The resulting time trajectories reveal the presence of a unique FRET state ([Figure 3](#gkt1149-F3){ref-type="fig"}A), suggesting that the complementary dNTP causes Dpo4 binding in a unique well-defined orientation. The associated histograms confirm narrower FRET distributions for all primer templates, especially for 8Cy3 and 9Cy3 ([Figure 3](#gkt1149-F3){ref-type="fig"}B). As predicted by the translocation model, all FRET distributions appear shifted predominantly to lower FRET values and this shift is greatest for both 8Cy3 and 9Cy3. A shift to lower FRET values in the presence of correct dNTPs was also observed with a longer template ([Supplementary Figure S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1149/-/DC1)). Figure 3.Conformational changes associated with correct dNTP binding. (**A**) Representative FRET trace for Dpo4 binding to each DNA duplex in the presence of the next correct nucleotide. (**B**) SmFRET histograms for Dpo4 binding to each DNA duplex in the presence of the correct nucleotide. Binary complex data are the same as in [Figure 2](#gkt1149-F2){ref-type="fig"}C and are shown as a red stairs line. Ternary complex is shown as gray bars (experimental data) and blue line (Gaussian fit). Concentration of the correct nucleotide is 200 μM in all cases.

The presence of the next correct nucleotide also results in moderately longer binding events ([Supplementary Figure S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1149/-/DC1)). A dwell time histogram analysis for 8Cy3 shows that the dissociation rate constant decreases by 2.5-fold ([Supplementary Figure S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1149/-/DC1)) corresponding to a stabilization of the insertion ternary complex by ∼0.54 kcal/mol.

To further evaluate the effect of correct nucleotide on binary complex dynamics, we performed smFRET experiments with 8Cy3 at increasing dGTP concentrations because this construct exhibits the largest FRET difference on nucleotide binding ([Figure 3](#gkt1149-F3){ref-type="fig"}B). The resulting time trajectories ([Figure 4](#gkt1149-F4){ref-type="fig"}A) clearly reveal that increasing dGTP concentrations result in shorter excursions to the high FRET state (preinsertion complex) and longer ones in the low FRET state (insertion complex). The corresponding FRET histograms also confirm that the high FRET population decreases, whereas the low FRET one increases as the dGTP concentration increases ([Figure 4](#gkt1149-F4){ref-type="fig"}B). Dwell time analysis in the high (t~h~) and low FRET (t~l~) states shows that the shuttling rate constants k~l~ and k~h~, respectively, increase and decrease by ∼2.5-fold as the dGTP concentration increases ([Supplementary Figure S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1149/-/DC1)). A global fit of both titrations to a Langmuir binding isotherm yields a dissociation constant for dGTP of K~dGTP~ = 4 ± 2 μM ([Figure 4](#gkt1149-F4){ref-type="fig"}C). Figure 4.Nucleotide binding dynamics. (**A**) Representative smFRET trajectories for Dpo4 binding the 8Cy3 duplex at different dGTP concentrations. The HMM fit is shown in red. (**B**) SmFRET histograms for Dpo4 binding to 8Cy3 primer template at different dGTP concentrations. Experimental data (gray bars) were fitted with one or two Gaussian functions (shown as red and blue lines, respectively). (**C**) Rate constants for the conversion of the high to low FRET state (left) and low to high FRET state (right) at increasing dGTP concentrations. The black lines are fits to a normal binding equation (see [Supplementary Information](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1149/-/DC1)).

Incorrect dNTPs can induce template misalignment
------------------------------------------------

To determine whether incorrect dNTPs also affect the binary complex dynamics, we performed smFRET experiments in the presence of each of the three non-complementary dNTPs using 8Cy3 ([Figure 5](#gkt1149-F5){ref-type="fig"}). The data show that both dCTP and dTTP induced a low FRET shift identical to that observed for the next correct nucleotide, dGTP ([Figure 5](#gkt1149-F5){ref-type="fig"}A), suggesting that either nucleotide induces the formation of a complex with a similar structure to the tertiary complex. Figure 5.Conformational changes associated with incorrect nucleotide binding. (**A**) SmFRET histograms for Dpo4 binding 8Cy3 duplex in the presence of each of the three incorrect nucleotides shown in gray. Ternary complex histograms with the correct nucleotide dGTP are shown as a blue line and are the same as in [Figure 3](#gkt1149-F3){ref-type="fig"}. Dissociation constant *k*~off~ (calculated as in [Figure 1](#gkt1149-F1){ref-type="fig"}C) in the absence and presence of the indicated dNTP. The concentration of correct nucleotide dGTP was 200 μM, and concentration of the incorrect dNTPs was 1 mM. The reported errors were determined from the mono-exponential fits to the dwell-time distributions. (**B**) Proposed misaligned template arrangement for the ternary complex with an incoming dATP pairing with the +1 T in the template. (**C**) Single-nucleotide incorporations by Dpo4. Reactions were carried out at 50°C in buffer containing 50 mM Tris-HCl, pH 7.5, 5 mM MgCl~2~, 50 mM NaCl, 0.025 mg/ml bovine serum albumin, 5 nM primer template (24mer/33mer) and 10 nM Dpo4. Reactions were initiated by the addition of dNTPs (final concentration 500 µM) and incubated for 10 min. The local template sequence is shown to the right of the gel.

In the presence of dATP, however, a different FRET state is observed ([Figure 5](#gkt1149-F5){ref-type="fig"}A). The new FRET value (0.49) resembles that of 9Cy3 in the presence of the next correct nucleotide (dATP). A possible explanation for this unexpected result is that the presence of dATP leads to a misaligned template structure in which the incoming dATP base pairs with the T at the +1 position in the template ([Figure 5](#gkt1149-F5){ref-type="fig"}B). This type of structure has previously been observed in the Dpo4 Type II complex that showed an unpaired template G and the next template base, C in this case, correctly pairing with the incoming dGTP ([@gkt1149-B14]).

To estimate the overall stability of the ternary complex in the presence of incorrect dNTPs, we measured their dissociation rate constants ([Supplementary Figure S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1149/-/DC1) and [Figure 5](#gkt1149-F5){ref-type="fig"}A). It is interesting that even though dCTP and dTTP cause a FRET shift similar to dGTP ([Figure 5](#gkt1149-F5){ref-type="fig"}A), the off rates showed a significant increase compared with the binary complex. Based on the off rates, dCTP and dTTP ternary complexes are destabilized 0.24 and 0.29 kcal/mol, respectively, relative to the binary complex. However, the presence of dATP decreases the off rate, indicating a ternary complex stabilization of 0.17 kcal/mol relative to the binary complex.

The misaligned template model also predicts that Dpo4 will incorporate dATP in this template more efficiently than dTTP or dCTP. To test this, we performed single-nucleotide extension assays on the same primer-template sequence used in the single-molecule experiments ([Figure 5](#gkt1149-F5){ref-type="fig"}C). As expected, dGTP is incorporated across the template C and, under these reaction conditions, the primer is extended by one additional nucleotide to the +1 position, possibly caused by a G looping out in the primer or a G:T wobble pair. As predicted by the misaligned template model, neither dCTP nor dTTP results in any significant primer extension, whereas dATP is readily incorporated. Under the latter reaction conditions, the primer is also extended by one additional nucleotide to the +1 position. A possible explanation for this additional extension is that the primer snaps back forming an A:C mispair setting up the T as the next template base.

DISCUSSION
==========

The crystal structure of the Dpo4 binary complex shows that the terminal base pair of the primer template occupies the nucleotide binding site ([@gkt1149-B23]), suggesting that the DNA must translocate 1 base pair before an incoming dNTP can be accommodated. Although this conformational change must happen before catalysis, it cannot be readily observed in a static structure. Here, we have characterized this process using smFRET by taking advantage of the fact that this technique can provide not only distance and/or orientation information about the DNA-polymerase complex but also the inter-conversion dynamics between two or more polymerase binding states. Our data clearly show that the binary complex exists in two conformations in dynamic equilibrium. We propose that one of these corresponds to the one captured in the crystal structure ([@gkt1149-B23]) with the terminal base pair of the primer template occupying the nucleotide binding site where catalysis would occur ([Figure 6](#gkt1149-F6){ref-type="fig"}, preinsertion complex). The other FRET state can best be explained by the polymerase translocating 1 base pair, such that the nucleotide binding site is now unoccupied ([Figure 6](#gkt1149-F6){ref-type="fig"}, insertion complex). Interestingly, the time trajectories and the transition density plot show that the initial binding occurs in the insertion complex conformation, followed by a translocation to the preinsertion complex conformation. Figure 6.Different conformations for Dpo4 binding to DNA shown schematically. Cy3 fluorophore (blue) is on the DNA template, and the Cy5 fluorophore (red) is on the polymerase. Dpo4 active site is shown in yellow. For the preinsertion binary complex, the primer terminus base is sitting in the polymerase active site at the position that an incoming nucleotide binds. The insertion binary complex has a free nucleotide binding site. In the insertion ternary complex, the incoming nucleotide is bound at the active site.

It is generally accepted for high-fidelity polymerases that translocation takes place at the end of the catalytic cycle, following successful nucleotide incorporation ([@gkt1149-B42]). Our prior results with the high-fidelity polymerase KF binary complex reveal a single FRET state ([@gkt1149-B19]), presumably the one in which the nucleotide binding site is not occupied, as observed in the corresponding crystal structures ([@gkt1149-B43]). However, our data here provide direct evidence that the Dpo4 binary complex is able to shuttle between the preinsertion and insertion complex conformations. It is not known whether this behavior occurs with other Y-family polymerases, but the observation that Dpo4 is not always in a nucleotide binding-competent conformation may partially account for the slow polymerization rates observed for Y-family polymerases compared with processive high-fidelity DNA polymerases.

We also find that ternary complex formation on dNTP binding leads to two measurable changes, consistent with the expected prechemistry steps in the DNA polymerase cycle. First, the preinsertion complex disappears in favor of the insertion complex ([Figure 6](#gkt1149-F6){ref-type="fig"}). The fact that the ternary complex FRET ratio is close to the translocated insertion complex suggests that the DNA occupies a similar position in the polymerase active site. Second, the presence of the correct dNTP leads to a significant stabilization of the polymerase--DNA complex, suggesting that a structural change in the polymerase must occur, as previously proposed ([@gkt1149-B44]). Although it is likely that Y-family polymerases do not undergo the same large conformational change that occurs with high-fidelity polymerases ([@gkt1149-B19],[@gkt1149-B20],[@gkt1149-B35]), ensemble FRET studies have suggested that a subtle but synchronized reposition of all Dpo4 domains takes place on dNTP binding ([@gkt1149-B25]). The magnitude of the stabilization observed for Dpo4 was modest compared with high-fidelity polymerases ([@gkt1149-B19]), consistent with the fact that Dpo4 does not form as tight a binding pocket around the nascent base pair.

It is well established that non-complementary dNTPs cause a destabilization of high-fidelity polymerase--DNA complexes ([@gkt1149-B19],[@gkt1149-B35]). Here, we also observe a destabilizing effect in the presence of either dCTP or dTTP, which do not base pair with the template bases at positions 0 or +1 ([Figure 1](#gkt1149-F1){ref-type="fig"}B). Based on the dissociation rate constants ([Figure 5](#gkt1149-F5){ref-type="fig"}A), the magnitude of this destabilization is comparable with the high-fidelity polymerase KF ([@gkt1149-B19],[@gkt1149-B35]). However, the presence of the dATP, which can base pair with the template at the n+1 position, results in a slight stabilization instead. Interestingly, a Dpo4 ternary complex structure (Type II structure) has shown nucleotide base pairing with the +1 nucleotide on the template ([@gkt1149-B14]). The ability of Dpo4 to form this misaligned template structure is consistent with the FRET value observed in the presence of dATP, which is the same as found with a 1-nt-longer primer (9Cy3), and the fact that dATP can be readily incorporated by Dpo4 in this primer template ([Figure 5](#gkt1149-F5){ref-type="fig"}C). The formation of this type of structure has been used to account for the single base and frameshift error spectrum observed for Dpo4 ([@gkt1149-B27]).

A final question regarding the nucleotide binding mechanism is whether dNTPs can only bind to the insertion complex, where the nucleotide binding site is unoccupied, or whether there is a pathway that allows dNTP association with the preinsertion complex before template movement to form the insertion complex. The most intuitive minimal mechanism consistent with our results is one in which an incoming nucleotide can only bind the insertion binary complex ([Figure 6](#gkt1149-F6){ref-type="fig"}). However, our data do not permit us to exclude two additional scenarios ([Supplementary Scheme S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1149/-/DC1)). In these scenarios, the incoming nucleotide could either bind only to the preinsertion complex or to both complexes. These three scenarios are consistent with the observed (dNTP) dependence of the shuttling constants (*k*~h~ and *k*~l~, [Figure 4](#gkt1149-F4){ref-type="fig"}C).

In summary, we have characterized the conformational dynamics of the Y-family DNA polymerase Dpo4 on DNA in real time using smFRET. We observe two different binary complexes consistent with DNA translocation in the polymerase active site. Ternary complex formation locks the polymerase and its substrate in the catalytically active conformation. However, if the incoming nucleotide is complementary to the n+1 template base, a misaligned template structure is observed, in which the 5′-nt becomes the templating base. Our observation of this conformation provides further support for a mutagenic pathway involving this structure that likely plays a role for the high error rate and error spectrum observed for this polymerase.
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